Surface acoustic wave (SAW) propagation characteristics in a multilayer structure including a piezoelectric aluminum nitride (AlN) thin film and an epitaxial cubic silicon carbide (3C-SiC) layer on a silicon (Si) substrate are investigated by theoretical calculation in this work. Alternating current (ac) reactive magnetron sputtering was used to deposit highly c-axis-oriented AlN thin films, showing the full width at half maximum (FWHM) of the rocking curve of 1.36
Introduction
Surface acoustic wave (SAW) devices have been widely used as intermediate-frequency (IF) and radio-frequency (RF) filters in wireless transmission systems for several decades because of their small size, low cost and great performance [1] [2] [3] [4] . In addition, SAW devices have drawn much attention for dozens of sensing applications because most of the acoustic energy of SAW is confined within one wavelength (λ) depth under the substrate surface, leading to high sensitivity. As a result, SAW devices have been employed for a variety of sensing applications to measure pressure [5, 6] , temperature [6] , humidity [7] , gas [8] , ultraviolet [9] and angular velocity [10] .
In particular, SAW devices are also extended to implement wireless remote sensing since they can be powered by the energy of the RF field and thus require neither a battery nor any other power supply [5, 6, 11, 12] . The feature makes them highly promising for harsh environment applications.
In order to enable high-frequency SAW devices, a substrate with a high acoustic velocity is usually required. It is well known that diamond has the highest acoustic wave velocity among all materials because of its large Young's modulus up to 1143 GPa [13] ; therefore, layered SAW devices including a piezoelectric thin film, such as aluminum nitride (AlN) or zinc oxide (ZnO), and a polycrystalline diamond layers on a silicon (Si) substrate have been utilized for high-frequency applications [14] [15] [16] . Silicon carbide (SiC) is another excellent substrate material for high-frequency layered SAW devices because it has large elastic constants [17] and low propagation loss characteristics [18] . Therefore, in this respect, several research efforts have been made for developing high-frequency SAW devices based on AlN/4H-SiC (0 0 0 1) [19] and AlN/6H-SiC (0 0 0 1) [20] multilayer structures. However, the high manufacturing cost of the single crystal hexagonal SiC wafers hinders the development of SiC substrates used for layered SAW devices. In fact, the thickness of the high velocity substrate is generally required within 10-50 μm, depending on the operating frequency of SAW devices so the use of the single crystal hexagonal SiC wafer is costly. In addition, cubic silicon carbide (3C-SiC) layers with high crystalline quality grown on Si substrates are commercially available and have been used for diverse microelectromechanical systems (MEMS) devices. The use of the 3C-SiC layer on the Si substrate is attractive because Si offers cost-effective and well-established micromachining techniques, enabling layered SAW devices based on Si substrates to be compatible with various micromechanical structures.
Recently, electroacoustic devices able to operate in hightemperature environments have attracted great interest in various industries, such as automotive, aerospace, gas and petroleum exploration and power electronics. Although the polycrystalline diamond film has good mechanical properties for layered SAW devices, it starts to decompose in strong oxidation environments at high temperatures [13] , making the SAW devices based on polycrystalline diamond layers not preferred for high-temperature applications. In comparison with diamond, SiC is stable to its sublimation temperature above 2000
• C and exhibits good chemical resistance to acids and bases, showing excellent material properties for harsh environment applications [17] . In addition, AlN is the most interesting piezoelectric thin film material for hightemperature applications since it preserves the piezoelectric response up to 1150
• C [21] and does not exhibit phase transitions when heating from room temperature up to the melting point which exceeds 2000
• C in a nitrogen atmosphere [22] . Therefore, more and more research studies are ongoing to demonstrate AlN-based piezoelectric sensors and resonators for high-temperature applications [23] [24] [25] .
In this study, highly c-axis-oriented AlN thin films were grown on epitaxial 3C-SiC layers on Si (1 0 0) substrates using alternating current (ac) reactive magnetron sputtering at temperatures between 300
• C and 450
• C. Although AlN (0 0 0 2) and 3C-SiC (1 0 0) have a lattice mismatch of 28.6%, the challenge has been addressed by a twostep deposition process [26] . The acoustic wave propagation properties of two types of SAW devices, shown in figure 1 , on an AlN/3C-SiC/Si multilayer structure were theoretically investigated using the effective permittivity and Green's function [27] [28] [29] . In addition, SAW delay lines were fabricated on the AlN/3C-SiC/Si multilayer structure and the SAW propagation properties in the multilayer structure were experimentally investigated. The experimental results show that the SAW propagating along the [0 1 1] direction exhibits 2. SAW propagation properties in AlN/3C-SiC/Si multilayer structures SAW propagation properties in various multilayer substrates including an AlN thin film have been well investigated and employed in various designs of layered SAW filters [30] [31] [32] . In this work, for the first time, the comprehensive theoretical analysis of SAW propagation characteristics in an AlN (0 0 0 2)/3C-SiC (1 0 0)/Si (1 0 0) multilayer structure is investigated. The effective permittivity based on the transfer matrix method was employed to calculate phase velocities, and electromechanical coupling coefficients k 2 were obtained by using Green's function [27] [28] [29] . As illustrated in figure 1 , the crystalline Z-axis (i.e. c-axis) of the AlN thin film and the crystalline X-axis of the epitaxial 3C-SiC layer and Si substrate are oriented normal to the surface. The SAW propagation direction is chosen along the crystalline X-axis of the AlN thin film. In the theoretical calculation, the AlN thin film is treated as a hexagonal crystal system, and the 3C-SiC layer and Si substrate are treated as a cubic crystal system and the thickness of Si substrate is assumed infinite. The material constants employed in the theoretical calculation are obtained from the literature [29, 33, 34] . While the thickness of the piezoelectric thin film is comparable to the wavelength, the acoustic wave propagation properties are dispersive with respect to the thickness of the piezoelectric layer in the multilayer structure. In general, the dispersion behavior is often observed in layered SAW devices [30] [31] [32] and Lamb wave devices [35] [36] [37] . As a result, in the AlN/3C-SiC/Si multilayer structure, SAW propagation properties would be dispersive with respect to the AlN film thickness normalized to wavelength (h AlN /λ) and the 3C-SiC layer thickness normalized to wavelength (h 3C-SiC /λ). Figure 2 shows the phase velocities and electromechanical coupling coefficients of SAW propagating along various angles with respect to the crystalline X-axis of the AlN thin film while h AlN /λ is equal to 0.1 and h 3C-SiC /λ equals 0.115. Apparently the phase velocities of SAW propagating along different directions in the AlN/3C-SiC/Si multilayer structure are not identical due to the cubic crystal system of the SiC layer and Si substrate, and the SAW shows a maximum phase velocity along the [0 1 1] direction. As shown in figure 2 , type A SAW device shows a much larger k 2 than type B SAW device on the AlN/3C-SiC/Si multilayer structure while h AlN /λ is equal to 0.1 and h 3C-SiC /λ equals 0.115. Moreover, from the standpoint of AlN thin film deposition, type B SAW device is not preferred since the edge discontinuities of the patterned bottom IDT electrodes would result in poor step coverage of AlN thin films, which harms AlN crystalline growth and causes cracks in AlN thin films [37] . As a result, type A SAW device is selected for further investigation in this work. For anisotropic materials, the power flow direction is not normal to the wave fronts (i.e. not collinear with the wave vector), the effect is well known as beam steering [33] . The power flow direction can be found by examining the variation of phase velocities with propagation directions. Although the mechanical properties on the c-axis plane of AlN can be regarded as isotropic, the cubic crystal system of 3C-SiC and Si makes the AlN/3C-SiC/Si multilayer structure anisotropic on the c-axis plane. As shown in figure 2, while the propagation angle is 45
• (i.e. along the [0 1 1] direction), the SAW in the AlN/3C-SiC/Si multilayer structure exhibits the maximum phase velocity, null beam steering and satisfactorily large coupling coefficient. Although the k 2 of SAW propagating along the [0 1 1] direction is not the largest, considering the phase velocity and beam steering effect, type A device with SAW propagating along the [0 1 1] direction is investigated in the following sections. Figure 3 shows the phase velocity dispersion of the fundamental SAW mode (i.e. Rayleigh mode) propagating along the [0 1 1] direction for different 3C-SiC thicknesses. The phase velocities increase with the increasing AlN and 3C-SiC thicknesses after the slight decreases at h AlN /λ between 0 and 0.1. Since 3C-SiC has higher acoustic velocities than Si, the AlN/3C-SiC/Si multilayer structure shows a higher SAW phase velocity than the AlN/Si multilayer structure (i.e. h 3C-SiC /λ = 0). In particular, as shown in figure 3 , the AlN/3C-SiC multilayer structure (i.e. h 3C-SiC /λ = ∞) exhibits a much higher SAW phase velocity than both of the AlN/3C-SiC/Si and AlN/Si multilayer structures. The electromechanical coupling coefficient k 2 can be theoretically calculated using Green's function [27] [28] [29] 
where s is the coupling parameter and ε s (∞) is the effective permittivity at infinite slowness. Figure 4 A SAW device with different 3C-SiC thicknesses. Due to the weak piezoelectricity of the 3C-SiC layer, the electromechanical coupling coefficient k 2 of the AlN/3C-SiC/Si multilayer structure is only slightly larger than the k 2 of the AlN/Si multilayer structure. However, as shown in figure 4 , while the 3C-SiC thickness is infinite, the AlN/3C-SiC multilayer structure has a slightly smaller k 2 than the AlN/Si multilayer structure. The simulation results point out that the type A SAW devices on the AlN/3C-SiC/Si multilayer structure demonstrates a larger electromechanical coupling coefficient k 2 than both of the AlN/3C-SiC and AlN/Si bilayer structures. In comparison with another common layered medium for harsh environment applications, the AlN/sapphire piezoelectric bilayer structure, the AlN/3C-SiC/Si multilayer structure shows slightly higher phase velocities and larger electromechanical coupling coefficients [25, 38, 39] . In addition, both SiC and sapphire are excellent material choices for low acoustic loss substrates [18] . Moreover, high-order SAW modes (i.e. Sezawa modes) in a layered structure have higher phase velocities, but do not necessarily show larger electromechanical coupling coefficients k 2 than the fundamental SAW mode [27, 30] . According to the theoretical investigations, the second Sezawa mode in the AlN/3C-SiC/Si multilayer structure is a pseudo-SAW mode, and exhibits significant propagation attenuation due to the surface acoustic energy leakage to the substrate. In addition, the second Sezawa mode shows a very small k 2 in the AlN/3C-SiC/Si multilayer structure. As a result, only the fundamental SAW mode in the AlN/3C-SiC/Si multilayer structure is experimentally studied in this work.
AlN thin films growth on 3C-SiC layers
In this study, 3C-SiC (1 0 0) layers were grown epitaxially on Si substrates using hot-wall chemical vapor deposition (CVD) and polished using chemical-mechanical planarization by NOVASiC SA [40] . AlN thin films were sputtered on epitaxial 3C-SiC layers by using ac (40 kHz) powered S-Gun magnetron [41] . Prior to AlN thin film deposition, the surface of the 3C-SiC layer was treated in situ by low-energy (150-200 eV) Ar ions from capacitively coupled RF (13.56 MHz) plasma in a separate etching module. The predeposition RF plasma etching not only improves the film nucleation and coalescence processes due to removal of impurities on the substrate surface, but also decreases the surface roughness of the 3C-SiC layer and hence improves the AlN crystal alignment [41, 42] . In order to mitigate the effect of the lattice mismatch between AlN (0 0 0 2) and 3C-SiC (1 0 0), a 50 nm thick AlN seed layer was first deposited with high nitrogen (N 2 ) concentration in a gas mixture of argon (Ar) and N 2 at an elevated temperature of 400-450
• C [26, 42] . These initial grains also served as the seeds for the growth of high-quality columnar AlN grains. In the second stage, the remaining AlN thin film was deposited at an ambient temperature of 300-350
• C without external heating. Figure 5(a) shows the transmission electron microscopy (TEM) image of the AlN/3C-SiC/Si multilayer structure where the AlN and 3C-SiC film thicknesses are 1 μm and 2.3 μm, respectively. As shown in figure 5(a) , the AlN thin film exhibits columnar grains perpendicular to the surface of the epitaxial 3C-SiC layer, presenting highly c-axis-oriented AlN thin films grown on the 3C-SiC layer. The voids with trapezoid shapes at the 3C-SiC/Si interface are formed during the carbonization stage due to the out diffusion of Si atoms from the substrate [40] , and the defects can be effectively suppressed via a thin SiC buffer layer grown at lower temperatures [43] . The cross-sectional TEM image also shows the presence of twins and stacking faults propagating through the 3C-SiC layer which are typical defects for the 3C-SiC/Si heteroepitaxy system [40] . As depicted in figure 5(b) , the x-ray diffraction rocking curve of the 2.3 μm thick epitaxial 3C-SiC layer shows a full width at half maximum (FWHM) value of 0.33
• , indicating the high crystalline quality 3C-SiC layers were grown epitaxially on the Si substrates. As shown in figure 5(c), 1 μm thick AlN films grown on the epitaxial 3C-SiC layer under different RF plasma etching treatments of 180 s, 360 s and 600 s exhibit the FWHM values of 2.29
• , 1.89
• and 1.73
• , respectively. By comparison, the RF plasma etching time of 180 s is able to achieve a FWHM value of approximately 1.5
• for 1 μm thick AlN films on Si substrates under the same sputtering condition. The longer RF plasma etching time is required for AlN thin films grown on 3C-SiC layers due to the higher atomic binding energy and the lower sputtering yield of SiC [26] .
In order to study the long-term high-temperature stability of the AlN thin film and 3C-SiC layer in air atmosphere, the wafer was cut into small piece samples (10 mm × 10 mm). The small piece samples were annealed for 24-500 h at 540
• C in an oven. The effects of long-term exposure at high temperatures were studied by scanning the rocking curves of the samples. Figure 6 illustrates the FWHM values of rocking curves of the 1.5 μm thick AlN thin film and 2.3 μm thick 3C-SiC layer after various annealing duration at 540
• C. The FWHM values of rocking curves of both the AlN thin film and 3C-SiC layer remained constant after annealing for 500 h at 540
• C in air atmosphere which shows their long-term physical stability under the high-temperature environments. 
Experimental result and discussion
The layered SAW device first investigated in this work is based on the type A configuration shown in figure 1(a) , where the 3C-SiC layer is fixed to 2.3 μm and the Si substrate is 525 μm. FWHM of rocking curve (degree) Figure 6 . FWHM values of rocking curves of the 1.5 μm thick AlN thin film and 2.3 μm thick 3C-SiC layer after various annealing duration at 540
• C in air atmosphere. In order to study the dispersion characteristics of the layered SAW devices, AlN thin films with four different thicknesses were deposited on the 3C-SiC layer using the sputtering process described in the previous section. The thicknesses of the AlN thin films for the multilayer SAW devices studied herein vary from 1 μm to 2.5 μm with a step of 0.5 μm. The corresponding FWHM values of rocking curves of AlN thin films are 1.73
• , 1.62
• , 1.51
• and 1.36
• , respectively. Conventional delay line structures were fabricated on the surface of the AlN thin films. A 100 nm thick molybdenum (Mo) layer was deposited using electron beam evaporation after a photolithography step and then lifted off to form the IDT finger electrodes. The input and output IDTs have 80 strips of finger electrodes (i.e. 40 pairs of IDT) with a metallization ratio of 0.5 and 5 μm wide finger electrodes. The transducer aperture (W) and delay line are both 400 μm. The design parameters of the IDT finger electrodes of SAW devices are summarized in table 1. The transmission characteristics of the SAW devices were measured using an Agilent E5071B network analyzer at room temperature in air atmosphere. figure 4 . In addition, it should be noted that the large insertion loss of the layered SAW devices in figure 7 is mainly caused by the impedance mismatch since the impedance of the layered SAW devices presented in this work was not optimized for the 50 RF system.
It should be noted that the internal reflectivity of the transducer strips is stronger due to the high density of the Mo IDT electrodes, making extraction of intrinsic k 2 from the experimental results inaccurate. In addition, the experimental phase velocities would be slower than theoretical values due to the high density of Mo. Therefore, a 150 nm thick aluminum (Al) layer was used as the IDT material instead of the 100 nm thick Mo layer for a more accurate comparison between the experimental and theoretical results. In order to study the effect of the 3C-SiC layer thickness on phase velocities and electromechanical coupling coefficients, the AlN thin film is fixed to 2.5 μm whereas the thicknesses of the 3C-SiC layers are 1.6 μm, 2.6 μm and 3.6 μm, respectively. As shown in figure 8 , the layered SAW devices with more IDT pairs exhibit smaller insertion losses and narrower 3 dB bandwidths, and keep the same center frequency while the thicknesses of the AlN and 3C-SiC layers are 2.5 μm and 2.6 μm, respectively. Figure 9 depicts the measured frequency spectrums of the layered SAW devices with three different thicknesses of the 3C-SiC layer. Based on the same IDT design, as shown in figures 7 and 9, the layered SAW devices with the 150 nm thick Al IDT has smaller insertion losses than the devices with the 100 nm thick Mo IDT because Al has a lower resistivity than Mo. However, the impedance of the layered SAW devices with the 150 nm thick Al IDT was still not Insertion loss (dB) 40 30 20 Frequency ( optimized for the 50 RF system. As shown in figure 10 , the measured phase velocities raise with the increasing 3C-SiC layer thickness, agreeing with the simulated results. The intrinsic electromechanical coupling coefficients k 2 of the SAW devices can be deduced from the equation [25, 38, 44, 45] 
where G a is the radiation conductance, C t is the total capacitance of an IDT pair and N represents the number of IDT finger pairs. By measuring the admittance of an IDT, the experimental electromechanical coupling coefficient k 2 can be calculated using the above equation. As shown in figure 11 , an electromechanical coupling coefficient k 2 of 0.42% was achieved in the AlN/3C-SiC/Si multilayer 
Conclusion
For the first time, SAW devices based on the AlN/3C-SiC/Si multilayer structure are theoretically and experimentally investigated in this work. The fundamental SAW mode propagating along the [0 1 1] direction of the AlN/3C-SiC/Si multilayer structure exhibits the highest phase velocity, null beam steering and satisfactorily large coupling coefficient in comparison with other propagation directions. Highly c-axis-oriented AlN thin films were successfully deposited on the 3C-SiC/Si substrates using ac reactive magnetron sputtering and the lowest FWHM value of 1.36
• was obtained for 2.5 μm thick AlN thin films grown on the epitaxial 3C-SiC layers in this work. The FWHM values of rocking curves of the AlN thin film and 3C-SiC layer remain constant after annealing for 500 h at 540
• C in air atmosphere, indicating that the multilayer structure has long-term material stability at high temperatures. Moreover, conventional delay lines were also fabricated on the AlN/3C-SiC/Si multilayer structure for the fundamental SAW mode propagating along the [0 1 1] direction. The layered SAW device exhibits a phase velocity of 5528 m s −1 and an electromechanical coupling coefficient k 2 of 0.42% with a 2.5 μm thick AlN thin film and a 3.6 μm thick 3C-SiC layer on a Si substrate. The results conclude that the AlN/3C-SiC/Si multilayer structure possesses the high surface wave velocity and long-term material stability at high temperatures which enables high-frequency layered SAW devices applicable to harsh environment applications in the future.
